The supernova remnant (SNR) HESS J1731-347 is a young SNR which displays a non-thermal Xray and TeV shell structure. A molecular cloud at a distance of ∼3.2 kpc is spatially coincident with the western part of the SNR, and it is likely hit by the SNR. The X-ray emission from this part of the shell is much lower than from the rest of the SNR. Moreover, a compact GeV emission region coincident with the cloud has been detected with a soft spectrum. These observations seem to imply a shock-cloud collision scenario at this area, where the stalled shock can no longer accelerate super-TeV electrons or maintain strong magnetic turbulence downstream, while the GeV cosmic rays (CRs) are released through this stalled shock. To test this hypothesis, we have performed a detailed Fermi-LAT reanalysis of the HESS J1731-347 region with over 9 years of data. We find that the compact GeV emission region displays a spectral power-law index of ∼ −2.4, whereas the GeV emission from the rest of the SNR (excluding the cloud region) has an index of ∼ −1.8. A hadronic model involving a shock-cloud collision scenario is built to explain the γ-ray emission from this area. It consists of three CR sources: run-away super-TeV CRs that have escaped from the fast shock, leaked GeV CRs from the stalled shock, and the local CR sea. The X-ray and γ-ray emission of the SNR excluding the shock-cloud interaction region is explained in a one-zone leptonic model. Our shock-cloud collision model explains well the GeV-TeV observations from both cloud regions around HESS J1731-347, i.e. from the cloud in contact with the SNR and from the more distant cloud which is coincident with the nearby TeV source HESS J1729-345. We find however that the leaked GeV CRs from the shockcloud collision do not necessarily dominate the GeV emission from the clouds, due to a comparable contribution from the local CR sea.
1. INTRODUCTION HESS J1731-347 was first discovered as an unidentified TeV source by Aharonian et al. (2008a) . A newly discovered radio SNR (G353.6-0.7) was then found in spatial coincidence to the TeV source (Tian et al. 2008 ). The following X-ray and TeV observations (Abramowski et al. 2011 , Bamba et al. 2012 ) have revealed an X-ray and TeV shell structure of non-thermal radiation from the SNR. The dominant non-thermal X-ray emission indicates a high shock velocity 1000 km s −1 at present, implied by theoretical work (Aharonian & Atoyan 1999 , Vink 2013 as well as observationally supported by measured shock speeds in non-thermal X-ray emitting SNRs (Vink 2012) . The most particular TeV feature of HESS J1731-347 is the discovery of the extended TeV structure HESS J1729-345 Northwest of the SNR. Cui et al. (2016) argued that the TeV emission from HESS J1729-345 is of hadronic origin, invoking a model of cosmic rays (CRs) escaping from the SNR and illuminating nearby molecular clouds (MCs) . At the center of the SNR, thermal X-ray emission from a central compact object (CCO) has been discovered by Abramowski et al. (2011) . This CCO is likely a neutron star (NS) (Klochkov et al. 2013) , although pulsations have been detected neither in radio nor in X-rays. This discovery identifies HESS J1731-347 as a core collapse (CC) SNR with a progenitor mass of over 8 M ⊙ (Smartt 2009 ). Upper limits of the GeV emission from the SNR region have been given by Yang et al. (2014) , from a Fermi-LAT data analysis. Recently, a more detailed GeV spectrum with a power-law index of -1.7 has been given by Condon et al. (2017) , and a similar GeV spectrum with a power-law index of ∼ −1.8 has been derived by Guo et al. (2018) . All of these analysis results of Fermi-LAT data slightly favor a leptonic origin of the γ-ray emission from the SNR HESS J1731-347. Owing to the lack of thermal X-ray emission detected from the SNR, an upper-limit (90% confidence level) on the ambient medium density of ∼ 0.01 cm −3 has been derived via a shocked medium model in Abramowski et al. (2011) , assuming an electron temperature of kT e = 1 keV and an ionization timescale parameter of τ = 10 9 cm −3 s; only if the temperature is significantly lower, higher densities are also compatible with the data.
The CO studies together with the X-ray absorption studies by Abramowski et al. (2011) have suggested a giant molecular cloud of the Scutum-Crux arm (∼3.2 kpc) to be located right in front of the western part of the SNR. Using CO data from NANTEN, Fukuda et al. (2014) argued for a hadronic explanation of the TeV emission from the SNR and linked the SNR to MCs at 5.2 kpc. However, the most recent CO and X-ray studies by Maxted et al. (2018) and Doroshenko et al. (2017) have pointed out that the foreground MC in the Scutum-Crux arm could have already been encountered by the SNR, and this suggestion puts the SNR inside the Scutum-Crux arm. Through modeling the emission of the NS in the SNR, Klochkov et al. (2013 Klochkov et al. ( , 2015 suggest a distance of 3.2 kpc as well. Therefore, a distance of 3.2 kpc for the SNR is adopted in our following work, which leads to a SNR radius of 15 pc. The age of the SNR is estimated to be 2kyr -6kyr through modeling several CC SNR scenarios (Cui et al. 2016) . These values are consistent with those derived by the modeling work of a cooling NS (Klochkov et al. 2015) .
In summary, there are three main observational features of the SNR HESS J1731-347: 1) a large shell structure of non-thermal X-ray and TeV emission, 2) a low density of the circumstellar medium, and 3) a hard GeV spectrum that slightly favors a leptonic γ-ray emission model. The prototypical nonthermal SNRs RX J1713.7-3946 and Vela Jr show similar observational features. Together with RCW 86, these three SNRs are treated as siblings in Yuan et al. (2012) , Yang et al. (2014) and are considered to be still expanding inside their respective pre-SN wind bubbles (Cui et al. 2016) .
In our previous modeling work on HESS J1731-347 (Cui et al. 2016) , run-away super-TeV CRs that have escaped from the fast SNR shock are at present illuminating the MC region at HESS J1729-345 (MC-J1729) through hadronic γ-ray production. Additionally, Cui et al. (2016) assumed a leptonic explanation for the γ-ray emission from the entire SNR region. The work (Cui et al. 2016 ) was based on the previous Fermi-LAT analysis results (Yang et al. 2014 and X-ray observations back in 2016. The densest cloud of this entire MC complex at 3.2 kpc, i.e. MC-core, is spatially overlapping with the western part of the SNR. Cui et al. (2016) had put MC-core 100 pc away from the SNR in a three-dimensional (3D) MC structure, this structure was therefore able to prevent the run-away CRs from reaching MC-core, allowing the leptonic model to dominate the γ-ray emission in the entire SNR image.
Interestingly, a relatively compact GeV source in spatial coincidence with MC-core was also found in the recent Fermi-LAT analysis work by Condon et al. (2017) . This source -named S0 -shows a power-law index of -2.5, in contrast to -1.7 measured for the entire SNR. However, Condon et al. (2017) did not derive the spectral energy distribution (SED) for S0 in their work. One important open question is whether the emission from S0 (or even from the entire MC-core region) could be of hadronic origin. Further XMM-Newton studies on the SNR by Doroshenko et al. (2017) revealed that the average X-ray surface brightness -with energies up to 10 keV -from the shell in MC-core region is significantly lower than the surface brightness from other regions of the SNR. All of these findings support the hypothesis that this young SNR has already collided in the West with MC-core. Hence, this part of the shock is stalled by MC-core such that it can no longer accelerate super-TeV electrons, nor can it maintain a strong magnetic turbulence downstream. Without the confinement by strong magnetic turbulence at the shock, the low energy CRs are released into nearby MCs through this stalled shock. This hypothesis naturally implies that the GeV-TeV γ-ray emission of HESS J1731-347 can be separated into two components, one hadronic from the collision region and one leptonic from the rest of the SNR. A recent study by Guo et al. (2018) also argued that either a hadronic-leptonic or a pure leptonic model can fit the multi-wavelength SED of HESS J1731-347. A similar shock-cloud collision hypothesis has already been successfully tested in the case of the SNR W28 (Cui et al. 2018) , in which the run-away super-TeV CRs released during the early stage of the SNR diffuse faster and are able to fill up the nearby 10-100 pc space at present, while the GeV CRs released after the shock-cloud collision diffuse slower and are mostly concentrated near the shock-cloud encountering region. This latter, classic shock-cloud collision scenario is also supported by direct observational evidences, e.g., an excess ionization was found from the MCs that are hit by the SNR W28 (Vaupré et al. 2014 , Maxted et al. 2016 .
The work presented here will explore the shock-cloud collision hypothesis in the case of HESS J1731-347. In the potential shock-cloud collision region -MC-core (the GeV emission region from and around S0), the previous Fermi-LAT analysis work by Condon et al. (2017) only provided a power-law index from S0, therefore our main goal in Section 2 is to subtract the GeV emission of MC-core from the one of the entire SNR region and obtain the GeV spectra of MC-core and from the rest of the SNR. In Section 3, our hadronic model describes how the young SNR is colliding with MC-core and how it releases its GeV-TeV CRs over time into the nearby environment.
Fermi-LAT DATA ANALYSIS
We select more than nine years of data (MET 239557417 -MET 545548766) observed with Fermi-LAT for regions around the shell of the supernova remnant HESS J1731-347 and use the standard LAT analysis software (v11r5p3)
* . Only events with energies above 1 GeV are used so that the point spread function (PSF) is sharp enough to disentangle multiple spatial components. The region-of-interest (ROI) is selected to be a 10
• × 10 • square centered on the position of J1731-347. Observations with rocking angle larger than 52
• are excluded in this analysis. In order to reduce the effect of the Earth albedo background, we exclude the time intervals when the parts of the ROI were observed at zenith angles > 90
• . The spectral analysis is performed based on the P8R2 version of post-launch instrument response functions (IRFs). Both the front and back converted photons are selected.
The galactic and isotropic diffuse model provided by the Fermi collaboration † is used in the analysis, and the corresponding count map of the diffuse model at 1 GeV is shown in the bottom panel of Fig. 1 . Fermi-LAT 8 years catalog sources are also included, and the parameters for point sources within the ROI are allowed to vary. We note that HESS J1731-347 was already included in the 8 years catalog as FL8Y J1732.2-3443. And the source FL8Y J1730.4-3447 coincides with the source S0 in Condon et al. (2017) . In Fermi-LAT analysis, the likelihood ratio test is used to hypothesis testing. The Test statistics are defined as T S = −2(lnL 0 − lnL 1 ), where L 0 and L 1 is the likelihood function value in the hypothesis without and with the corresponding source, respectively. The source detection significance in σ is roughly the square root of the TS value Mattox et al. (1996) . The Test statistic maps of the inner 3
• are shown in Fig. 1 .
In deriving the TS maps we do not include the sources FL8Y J1732.2-3443 and FL8Y J1730.4-3447 in the source model. We also find strong excess to the west and northeast of HESS J1731-347, we label them as three new point sources and add them in further analysis. We then perform a likelihood analysis with > 1 GeV photons by varying the position of HESS J1731-347(FL8Y J1732.2-3443) and find that the best-fit position is at (RA= 262.953 • and DEC=−34.722
• , labeled as white diamond in the upper panel of Fig. 1 . The TS value for HESS J1731-347 is 26 (corresponding to 5.1σ). We perform the same procedure for S0 (FL8Y J1730.4-3447) , the best fit position is (RA=262.71
• and DEC=−34.780
• , labeled as a cyan circle in the upper panel of Fig. 1 and the resulting TS value is 27 (5.2σ). This position is in accordance with the one by Condon et al. (2017) . In addition to the > 1GeV TS map, we have also derived the > 10GeV TS map, as seen in the middle panel of Fig. 1 . By comparing these two maps, the soft component (the extended source around S0) can be easily told apart from the hard component (the SNR itself).
For the spectral analysis we apply gtlike in the energy range [1, 300] GeV and model the spectrum of both sources as a power-law function, fixing the position to that found above. The derived photon index for HESS J1731-347 is 1.79 ± 0.22(stat) ± 0.10(sys), and the total flux above 1 GeV is 4.0 ± 1.9(stat) ± 0.4(sys) × 10 −10 cm −2 s −1 , while for S0 the index is 2.42 ± 0.22(stat) ± 0.10(sys) and the flux is 1.2 ± 0.34(stat) ± 0.12(sys) × 10 −9 cm −2 s −1 . The systematic errors come from the uncertainties of the effective area and the point spread function of LAT .
To obtain the SED, we divide the full energy range into 5 logarithmically spaced bands and applied gtlike to each of these bands. The results of this analysis are shown in Fig. 2 . All data points have TS values larger than 4, which corresponds to a significance of larger than ∼ 2σ.
In summary, our results have further supported the recent finding of S0 by Condon et al. (2017) , that the GeV emission from HESS J1731-347 is likely to be dominated by two components, a soft component from S0 and a hard component from the SNR. After separating S0 from the SNR, our GeV flux of the SNR is lower than those published ones, especially for those data points with energies < 20GeV, as seen in the bottom panel of Fig. 2. 3. THE SHOCK-CLOUD COLLISION MODEL 3.1. SNR evolution Following the implications of the multi-wavelength observations described in section 1, we know that HESS J1731-347 is a young SNR exhibiting a non-thermal X-ray and TeV shell with a radius of ∼ 15 pc, its shock velocity is still very high 1000 km s −1 at the present time, the circumstellar medium around the SNR is merely 0.01cm −3 . These observational features imply that the SNR is still expending inside the pre-SN wind bubble. This implication is supported by our previous work (Cui et al. 2016) , in which we explored several CC SNR scenarios with progenitor masses ranging from 8 M ⊙ to 25 M ⊙ . Observational work by Chen et al. (2013) discovered a linear relationship between progenitor mass and main sequence (MS) bubble size, based on 15 well-observed OB stars. This relationship is also supported by the theoretical work by (Chevalier 1999) and can be used to derive a minimum progenitor mass of ∼ 20 M ⊙ in order to blow a MS bubble with a radius of R MS > 15 pc.
We adopt two CC SNR scenarios from Cui et al. (2016) into our work, which are a 20 M ⊙ type IIL/b SN and a 25 M ⊙ type Ib/c SN. In the 20 M ⊙ scenario, the pre-SN wind bubble is basically made of the MS bubble with a radius of 18 pc and a red supergiant (RSG) bubble embedded inside the MS bubble. The gas density inside the MS bubble is n MS ∼ 0.01cm −3 and the density inside the RSG bubble follows n RSG (r) =Ṁ RSG /4πr 2 v RSG (Chevalier 2005) , whereṀ RSG and v RSG are the mass loss rate and the wind speed during the RSG phase, respectively. By choosinġ M RSG ≈ 5 × 10 −5 M ⊙ /s and v RSG ≈ 15 km/s (Chevalier 2005) , one can obtain the RSG bubble radius as R RSG ≈ 5 pc. In the 25 M ⊙ scenario, the gas in the pre-existing RSG bubble is blown away by the Wolf-Rayet (WR) wind and is filling inside the entire MS bubble. Hence, the pre-SN wind bubble becomes a pure WR bubble. Assuming most of the H and He layers (21 M ⊙ ) are blown into the WR bubble with a radius of ∼ 22 pc, we can obtain an averaged density of n WR ∼ 0.02cm −3 in the WR bubble. Noticeably, dense MC-clumps, i.e. MC-core in our shock-cloud encountering model, can very well survive the MS wind and even the Wolf-Rayet wind, see e.g. the recent discovery of a dense MCclump that survived the strong UV fields and winds from a young massive star in the 30 Doradus region (Rubio et al. 2009 ).
With known pre-SN environments, we could calculate the SNR evolution history through a self-similar solution (Chevalier 1982 , Nadezhin 1985 for the ejecta-dominated stage, and a thin-shell approximation (Ostriker & McKee 1988 , Bisnovatyi-Kogan & Silich 1995 for the Sedov stage. More details are shown in appendix A. The input parameters of our SNR evolution model are the gas density of the pre-SN environment -n ISM , the SN kinetic energy -E SN , and the SN ejecta mass -M ej . More parameter details and discussions are shown in table 1 and in section 4.1, respectively.
CR acceleration and diffusion
In a strong shock (shock Mach number M sh ≫ 1), only the CRs with energies above the escape energy (E max ) are able to escape from upstream. The upstream magnetic turbulence is the key factor in constraining the maximum energy of the accelerated CRs. Substantial theoretical improvement has been achieved to support the idea that young SNRs can indeed accelerate particles up to 100 TeV, employing the concept of fast amplification of magnetic turbulence upstream of the SNR shocks through nonresonant streaming instability (Bell 2004 , Zirakashvili & Ptuskin 2008 . We adopt the analytical approximation of the MHD simulation result by Zirakashvili & Ptuskin (2008) and derive the amplified magnetic turbulence upstream and the escape energy (E max ) by using the input parameters from the SNR evolution history. The flux of run-away CRs (J) and the density of the confined CRs in the acceleration region (N 0 ) are also given in Zirakashvili & Ptuskin (2008) . Here J is mostly made of CRs with energies above E max , while N 0 basically follows a broken power-law with an index of -2.0 and an exponential cutoff energy of E max . More details are shown in appendix B.
The key input parameters of our acceleration model are the shock velocity (v SNR ), the density of incoming gas upstream (n ISM ), and the acceleration efficiency (η esc ). Here η esc represents the ratio between the energy flux of run-away CRs and the kinetic energy flux of incoming gas onto the shock upstream. v SNR and n ISM are given through solving the SNR evolution history. η esc is a free parameter and it is only limited by the hypothesis that the total CR energy accounts for 10% of the SN kinetic energy. The other input parameters of the acceleration model are the magnetic field (B 0 ) and the initial magnetic fluctuation (B b ) in the un-shocked upstream. The escape energy E max is dependent on the ratio between these two parameters, and a ratio of B b /B 0 = 1.35% is adopted in the entire space. In our numerical simulation, the SNR evolution history is evenly separated into small time intervals (∆t SNR ) along the logarithm of time. During each ∆t SNR , run-away CRs with a total number of ∆N run = J · ∆t SNR · 4πR 2 SNR are released from random locations on the surface of the SNR.
Once the CRs run away from the SNR, they enter an inhomogeneous diffusion environment, which is divided into three sub-regions: MC-core region, MC-J1729 region, and the region covering the entire outer-space other than these two MC-clumps. The last one is mostly made of the pre-SN wind bubble, the interclump medium (ICM) and other MC structures. Inside each sub-region, a homogeneous diffusion coefficient is assumed, see also table 2 for the adopted values of the diffusion coefficients. To calculate the diffusion process in the inhomogeneous diffusion environment, we adopt the Monte-Carlo diffusion method developed in section 2.4.2 of Cui et al. (2016) . In this method, the propagation of a particle is divided into small steps (∆t). Within each step, the particle is assumed to be scattered to a random direction with a mean free path of ∆r = 2.5 √ ∆tD (Cui et al. 2016) , where D is the local diffusion coefficient.
Nearby molecular clouds
From the recent 12 CO observations with Mopra by Maxted et al. (2018) , which are shown in the top panel of Fig. 3 , one can obtain the column density of the MC near the SNR. Our model adopts a 12 CO emission integrated from −5 km/s to −25 km/s (the giant MC at 3.2 kpc, Maxted et al. 2018 ) and a CO-to-H 2 mass conversion factor of 1.8 × 10 20 cm Dame et al. 2001) . When compared with the previous 12 CO observations on HESS J1731-347 with the CfA survey (Abramowski et al. 2011 , Cui et al. 2016 , the 12 CO observations with Mopra have much higher angular resolution and deliver a slightly lower column density (∼ 95%) at MC-core.
Inside a giant molecular cloud, MC-clumps generally have densities around 10 3 ∼ 10 4 cm −3 , but only occupy 2%−8% of the volume (Chevalier 1999 ). The gas of the molecular clouds shown in the top panel of Fig. 3 is likely concentrated in relatively dense clumps and filaments with sizes 10 pc. Following our previous work on HESS J1731-347 (Cui et al. 2016 ), we only focus on two MC regions -MC-core (2.75 × 10 4 M ⊙ ) and MC-J1729 (1.57 × 10 4 M ⊙ ), which are labeled as the red and blue circles in Fig. 3 . These two MC regions are simplified as two homogeneously filled clumps in our model. The definition of MC-J1729 region is based on the on-region of HESS J1729-345 in the HESS observation (centered at α J2000 =17h29m35s, δ J2000 = 34
• 32'22", radius 0.14 • ), and MC-core region represents the densest core region of this giant MC (centered at α J2000 =17h30m36s, δ J2000 = 34
• 43'0", radius 0.13 • ). In our previous work (Cui et al. 2016) , MC-core is put at a distance of 100 pc to the SNR, hence the hadronic γ-ray emission at this region is suppressed. Recent ATLASGAL survey study (Li et al. 2016) suggests that the MC-clumps inside one giant MC are more likely to be close to each other ( 10pc) and connected through filaments. Hence we use a more reasonable 3D structure in this work, as seen in the bottom panel of Fig. 3 , MC-core and MC-J1729 are close to each other, and they are located at distances of ∼17 pc and ∼31 pc to the SNR center, respectively. Such a distance of MC-core ensures that the shock-cloud collision starts to take place about 2 − 3 kyr ago in our model.
Shock-MC collision
When the western part of the SNR HESS J1731-347 encounters with the dense MC-clump, i.e. with MC-core, the shock is rapidly stalled (Sano et al. 2010 , Gabici & Aharonian 2016 ) and the magnetic turbulence in the upstream and downstream of the shock is quickly damped by the high-density neutrals. This collision eventually leads to the release of all CRs confined in the shock (Ohira et al. 2011 ). However, Inoue et al. (2012) argued that the release of the GeV CRs may not be an immediate event after the shock-cloud collision, i.e., in case of the hadronic model of the SNR RX J1713.7-3946, Inoue et al. (2012) suggested a shell of amplified magnetic turbulence formed at the stalled shock. This turbulent shell, which could last for 10 3 year when a fast shock (2500 km s −1 ) is hitting the MC-clump, can prevent GeV CRs from entering the MC-clumps. Our previous shock-cloud collision model (Cui et al. 2018 ) of the SNR W28 assumed that both the shock-cloud encounter and the CR leakage through the stalled shock are instantaneous events. Different from the case of the SNR W28, the relative short age of HESS J1731-347 (around 2 -6 kyr) would need to take this amplified magnetic field shell proposed by Inoue et al. (2012) into consideration, and the effect is simplified as a delayed releasing time of the CRs (t delay = 500 years) after the shock-cloud collision. Furthermore, due to the short age of the SNR, the shock-cloud encounter can no longer be seen as an instantaneous event as well. Instead, it is described as MC-core gradually swollen by the SNR. As seen in the bottom panel of Fig 3, at any certain time, a belt feature will represent the shock-cloud collision area as well as the following CR leaking area.
In our numerical simulation, during each ∆t SNR , leaked CRs with a total number of ∆N leak = N 0 · l down · A belt are released from random locations on the surface of the collision belt at a time of t SNR + t delay . l down is the thickness of the acceleration region at the shock downstream which is used to normalize the total CRs trapped at the shock. l down is set as 5%R SNR following the MHD simulation work by Zirakashvili & Ptuskin (2008 , who suggested that most of the CRs and the swept gas of a young SNR are concentrated right behind the shock with a thickness 10%R SNR . A belt is the integrated area of the collision region during each ∆t SNR , which is shown as the purple belt in Fig. 3 . On the surface of this collision belt, the CR acceleration and CR run-away processes are immediately stopped after ∆t SNR .
Local CR sea
The CR sea could play an important role in the soft GeV spectrum observed at MC-core. We adopt a radial profile of Galactic CR density (Yang et al. 2016 , Acero et al. 2016 , which is derived through studying the Fermi-LAT data and the gas density in our entire galaxy. Hence, HESS J1731-347, with a distance to the Galactic center of around 5 kpc, should be embedded in a CR sea with a density similar to the one observed on Earth (CR spectral index Γ CR,sea ∼ -2.55 to -2.72, energy density U CR,sea ∼ 1.1 eV cm −3 ). In section 4.4, we further discuss the γ-ray contributions by the CR sea.
RESULTS AND DISCUSSIONS

Parameters of the hadronic model
As described in section 3.1, 3.2 and 3.3, the pre-SN environment (n ISM , B b /B 0 and the 3D MC structure) is fixed before our parameter fitting. The fitting parameters are the diffusion coefficients (D), the parameters of the SNR physics (E SN , M ej ), and the acceleration efficiency (η esc ). In table 3, we show the dependencies of all the fitting parameters in our model, and the corresponding description of each parameter is listed below.
1. The SN kinetic energy E SN : When the SN kinetic energy increases, the overall shock velocity increases and the age of the SNR becomes shorter. A higher shock velocity leads to a higher escape energy E max and a higher run-away CR flux, while the shortened SNR age makes it more difficult for the CRs to reach distant MC-clumps. The SN kinetic energy is set as 10 51 erg s −1 (E 51 ) in both CC SNR scenarios (Smartt 2009 ).
2. The SN ejecta mass M ej : When the SN ejecta mass increases, although the shock velocity is smaller at the very beginning of the SNR evolution, the energy loss of the shock is also lowered so that the shock can keep a higher speed in the long run (Cui et al. 2016 ). The SN ejecta mass is set as 2 M ⊙ in both SNR scenarios and is consistent with our pre-SN physics, in which the progenitor mass is the sum of the MS wind mass loss, the RSG wind mass loss, the neutron star mass (2 M ⊙ ), and the SN ejecta mass.
3. The acceleration efficiency η esc : When the acceleration efficiency increases, more kinetic energy from the incoming plasma onto the shock is transferred into CR energy. Therefore, the magnetic turbulence upstream (i.e. the escape energy) and the run-away CR flux are boosted. As mentioned above, this parameter is limited by the total accelerated CR energy, which is 10% of the SN kinetic energy. We choose a value of η esc = 0.02/0.01 for scenario 20 M ⊙ /25 M ⊙ , and the corresponding total energy of run-away CRs is 5.67%/1.44%E SN at present.
4. The diffusion coefficient inside outer space D ICM : When the diffusion coefficient inside the outer space increases, more released CRs are able to reach distant targets, especially low energy CRs. Clearly, we could further divide the diffusion environment inside the outer space into more sub-regions, e.g., the other MC-clumps, the pre-SN wind bubble which can host a more turbulent magnetic field than the ICM does. However, we can already fit the observations well without the need to introduce more parameters into our model. Our D ICM is similar to the Galactic one, see table 2.
5. The diffusion coefficient inside the MC-clumps D MC : When the diffusion coefficient inside the MC-clumps decreases, the average time for a CR being trapped inside the MC-clumps increases, which leads to a larger accumulation of CRs at the present time. So far, there is no direct observational evidence to derive the diffusion coefficient inside the MC-clumps. Observational studies summarised by Crutcher (2012) found that the maximum strength of the interstellar magnetic field stays constant at ∼ 10 µG in the MC with densities up to n H ∼ 300 cm −3 , and above 300 cm −3 it increases following a power law with exponent ≈ 2/3. Non-thermal motions (kinetic turbulence) inside dense MC-clumps are often observed as well, see e.g. the classic review by Larson (1981) and the recent discovery by Li et al. (2014) . These observational findings seem to imply a low diffusion coefficient inside the dense MC-clumps, which is also consistent with previous theoretical work on CR diffusion near SNRs, in which a self-consistent picture requires low diffusion coefficients (an averaged one covering the entire space), ∼ 3 − 20 times lower than typical Galactic values (e.g., Gabici & Aharonian 2007 , Aharonian et al. 2008b , Gabici et al. 2009 , Li & Chen 2010 , Ohira et al. 2011 , Cui et al. 2016 . In this work, we find that our best fitting results require diffusion coefficients inside the MC-clumps lower than the Galactic value (D(E) = D 10 (E/10 GeV) δ , D 10 = 10 28 cm 2 /s, δ = 0.3 ∼ 0.6 Ptuskin 2006) as well, their detailed values can be found in table 2.
Results of the hadronic model
In our model, the SNR with a progenitor of 20 M ⊙ /25 M ⊙ has spent around 6.1/2.9 kyr expanding inside the pre-SN wind bubble before reaching 15 pc. The western part of the SNR starts to encounter with MC-core at an age of 3.8/1.3 kyr at a radius of 9.7 pc in the scenario of 20 M ⊙ /25 M ⊙ . During the Sedov stage, the shock velocity is mainly dependent on the mass of the total swept gas (Cui et al. 2016) . In both scenarios, 20 M ⊙ and 25 M ⊙ , we obtain similar masses of the total swept gas at the present time (∼ 21M ⊙ in scenario 20 M ⊙ , ∼ 25 M ⊙ in scenario 25 M ⊙ ), and we also obtain similar shock velocities of v SNR ≈ 2100 km s −1 at present. In the 20 M ⊙ scenario, after sweeping the thick RSG bubble at a radius of 5 pc, the shock is rapidly slowed down to a velocity of v SNR ≈ 2000 km s −1 , and it maintains this high velocity during the following expansion inside the low-density MS bubble. In the 25 M ⊙ scenario, the shock is sweeping inside the homogeneous WR bubble and its velocity is gradually reduced to v SNR ≈ 2100 km s −1 at a radius of 15 pc. Clearly, the averaged shock velocity in the 25 M ⊙ scenario is much higher than the one in the 20 M ⊙ scenario, and this leads to a younger SNR age at present.
In Fig. 4 , we show the γ-ray emissions from MC-core and MC-J1729 predicted in our model. In both scenarios, with progenitor masses of 20 M ⊙ and 25 M ⊙ , the high shock velocities of v SNR > 2000 km s −1 during the entire SNR histories ensure that only the super-TeV CRs are able to run away from this fast shock. These run-away CRs become the main contributor to the hadronic TeV emission outside the SNR, as seen as the dash-dotted lines in Fig. 4 . When the western part of the SNR hit MC-core, the GeV CRs leaked through the stalled shock dominate the GeV emission at MC-core, as seen as the dashed lines in Fig. 4 . The local CR sea is a significant contributor to the 10 GeV γ-ray emission at the MC-clumps, as seen from the dotted lines in Fig. 4 . The GeV data points of MC-core in Fig. 4 are obtained by our Fermi-LAT analysis of the soft GeV component -S0. However, no sub-regional HESS analysis of HESS J1731-347 has been published yet. The TeV data points of MC-core is simply taken as 20% of the observed points from the entire SNR region, using the TeV count map by Abramowski et al. (2011) . The other 80% of the observed TeV emission is assumed to be leptonically dominated, see also the leptonic model in section 4.3.
In summary, we find the shock-cloud encounter scenario a plausible hypothesis to explain the γ-ray observations at MC-core and MC-J1729. Our parameter selections are reasonable and no fine-tuning is needed.
Leptonic γ-ray emission from the SNR other than the shock-cloud collision region
Besides MC-core region, we believe that the rest of the SNR is still dominated by leptonic emission, due to the low density of the wind bubble the SNR is residing in. A hadronic attempt by Cui et al. (2016) using the swept circumstellar medium downstream as target gas has been shown to fail. In our leptonic model, as seen in Fig. 5 , the TeV data points are simply a fraction (∼ 80%) of the ones observed from the entire SNR. The GeV data points come from our Fermi-LAT analysis of the hard component, namely from the SNR. In our model fitting, the magnetic field downstream is B = 25 µG, which is similar to the ones of RX J1713.7-3946 (Abdo et al. 2011 , Yuan et al. 2011 , Vela Junior (Tanaka et al. 2011) , and RCW 86 ). We adopt a soft photon background with a temperature of 40 K and a density of 1 eV cm −3 , following a modified GALPROP model by Porter et al. (2008) for a galactocentric radius of 4 kpc. The electron population in our model follows a broken power-law with Γ e = −1.85, E cut = 8 TeV, which are similar to the ones used in Doroshenko et al. (2017) . The total energy of the > 1 GeV electrons downstream is ∼ 0.038%E 51 , which is about 1.5%/3.6% of the total CR energy trapped in the shock downstream in the scenario with 20 M ⊙ /25 M ⊙ .
Could the CR sea cause the soft GeV component coming from MC-core
In our hadronic model fitting, the CR sea contribution (dotted lines) at the GeV band is comparable to that of the leaked GeV CRs, especially at energies of 10 GeV, see Fig. 4 . The CR sea density used in our model only represents an averaged one at a distance of ∼ 5 kpc to the Galactic center. In reality, the density of the local CR sea, especially the GeV CRs, could vary significantly depending on the nearby environment, e.g. a star-forming region. One can also see e.g. the Galactic CR distribution simulation by Werner et al. (2015) . If the GeV emission is indeed dominated by the CR sea, we expect to see a spatial match between the Fermi-LAT data and the CO data.
As seen in the bottom panel of Fig. 1 , the diffuse background used in our Fermi-LAT analysis has shown a slight increase to the west of the SNR, and the flux of the diffuse background at MC-core region is around 1-2 times of the GeV flux of MC-core (S0) derived in our Fermi-LAT analysis. If the diffuse background is overestimated, it is possible that the majority of the CR sea contribution at MC-core region has already been removed during our Fermi-LAT background reduction. If the diffuse background is underestimated, S0 could be mainly from the residuals of the diffuse background rather than from MC-core.
In our work, the mass of MC-core is set to the maximum value (2.75 × 10 4 M ⊙ ), which is derived by integrating the CO data from −5 km s −1 to −25 km s −1 . If we choose a smaller value of MC-core mass, the CR sea contribution can be further reduced, e.g., a CO emission integrated from −15 km s −1 to −25 km s −1 following Abramowski et al. (2011) can lead to a mass of MC-core of 1.94 × 10 4 M ⊙ , and a mass of MC-J1729 of 1.34 × 10 4 M ⊙ . To compensate the reduced hadronic γ-ray contribution from the CR sea, we could increase the contribution from leaked CRs by tuning input parameters as discussed in section 4.1. In this work, we adopt this maximum value, which thus provides an upper limit of the CR sea contribution.
Future observational expectations
In this work, we separate MC-core region (S0) from the SNR in the Fermi-LAT analysis. We expect that future spectral analysis with HESS/CTA could spatially resolve this region as well. In Fig. 4 , our hadronic model predicts a TeV spectrum at MC-core and MC-J1729 peaks at 2TeV, while the observed TeV spectrum at MC-core, which is simply assumed to be 20% of the one of the entire SNR, peaks at 1TeV. Additionally, we also expect that future TeV observations and analysis could deliver an improved TeV image matching with the molecular clouds image at 3.2 kpc, see e.g., the new HESS analysis attempt by Capasso et al. (2017) . Future hard X-ray observations on this SNR could also help us to further probe the dim X-ray emission at MC-core region. More direct evidence for the proposed shock-cloud collision scenario would require millimeter observations, such as molecular clumps with strong velocity dispersion within the SNR, e.g., the SNR CTB 109 (Sasaki et al. 2006) , or evidence for ionisation inside the MC-clumps, e.g., in SNR W28 (Vaupré et al. 2014 , Maxted et al. 2016 . CC SNRs are normally considered to be born inside MCs, whereas the scenario found for HESS J1731-347 with a young SNR hitting a nearby MC is clearly observationally more attractive and follow-up observations are encouraged.
CONCLUSION
The SNR HESS J1731-347, which displays a non-thermal X-ray and TeV shell structure, is believed to be still expanding inside the low-density pre-SN bubble. A dense molecular clump, called MC-core, is located at the western part of the SNR, and it is possibly embedded inside this pre-SN bubble and presently colliding with the SNR. Following the previous intriguing discoveries on HESS J1731-347, that MC-core region has shown a soft GeV emission (S0) and a dim X-ray emission up to 10 keV, we explored whether the SNR has collided with MC-core at its west.
1. Our Fermi-LAT analysis has unveiled two GeV components of HESS J1731-347, one located at the SNR center displaying a spectral index of 1.79 ± 0.22(stat) ± 0.10(sys), and one located at MC-core displaying a spectral index of 2.42 ± 0.22(stat) ± 0.10(sys).
2. We have built a hadronic model involving a shock-cloud encounter at MC-core. Our CR sources include runaway CRs from the strong shocks, leaked GeV CRs from the shock-cloud collision at MC-core region, and the local CR sea. Because of the young age of the SNR, we can not use an instantaneous event to describe the shock-cloud collision. Instead, MC-core is gradually "swallowed" by the SNR in our model. Our model can explain the GeV-TeV observations well, where diffusion coefficients inside the MC-clumps are about 30% − 90% of the Galactic value. The multi-wavelength emissions from the rest of the SNR (other than MC-core region) are explained in a one-zone leptonic model.
3. We find that leaked GeV CRs released in the shock-cloud collision are not necessarily the dominating component to explain the GeV observation at MC-core, because the CR sea with a density of 200% of the averaged one at a galactocentric radius of 5 kpc (such density fluctuations are reasonable for the GeV CRs) can also dominate the 10GeV emission at MC-core.
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APPENDIX
A. THE SNR EVOLUTION MODEL In our study, we focus on the ejecta-dominated stage and the Sedov-Taylor stage, at which the shock velocity is still high and the CR acceleration is active. A self similar solution for the shock wave at the ejecta-dominated stage was found by Chevalier (1982) and Nadezhin (1985) , it shows that the relation between SNR radius and SNR age can be approximately described by the power-law dependence, where R SNR ∝ t 4/7 for an SNR expanding in a uniform medium and R SNR ∝ t 7/8 for an SNR expanding in a RSG wind. Following these power-law rules, Ptuskin & Zirakashvili (2005) derived the equations of the ejecta-dominated stage:
For the SN explosion in the uniform interstellar medium,
For the SN explosion in the RSG bubble, 
Where E SN,51 = E SN /E 51 is the total SN energy,Ṁ RSG,−5 is the mass loss rate at RSG stage in unit of 10 −5 M ⊙ /year, v RSG,6 is the wind speed of RSG in unit of 10 6 cm s −1 . At Sedov-Taylor stage, to solve the SNR evolution in an inhomogeneous but spherically symmetric circumstellar medium, a thin-shell approximation of a SNR evolution was derived in Ostriker & McKee (1988) and Bisnovatyi-Kogan & Silich (1995) . Start from the momentum conservation, we have
Here v is the gas velocity behind the shock, P in is the pressure behind the shock, and P is the pressure of ambient gas. For the adiabatic blastwave, v is related to the shock velocity v SNR = dR SNR /dt by the equation v SNR = (γ ad + 1) v/2, where γ ad is the ratio of the specific heats (adiabatic index). The energy of explosion E SN = E th + drr 2 ρ(r) is the total mass confined by the shock of radius R SNR where M ej is the ejected mass and ρ is the density of the ambient gas. Ignoring the pressure in the circumstellar medium P , Ptuskin & Zirakashvili (2005) has derived:
where the adiabatic index is set as γ ad = 4/3 in our simulations, assuming that the pressure downstream of the shock is determined by the relativistic particles.
To smooth the transition between the two SNR phases, the swept-up mass at this transition phase is adapted slightly around 1M ej .
B. THE CR ACCELERATION MODEL
In this work, we apply the analytical approximation of the non-resonant streaming instability theory derived by Zirakashvili & Ptuskin (2008) . The momentum distribution of CRs is used in the following text, and it can be transformed to the energy distribution through
2 f (p)dp, E = pc.
The momentum distribution of CRs at the shock front can be written as
with
where u 1 = v SNR is the shock velocity, ρ is the density of the ambient gas, and p (p m ) is the momentum (maximum momentum) of the CRs. The parameter I is the normalization factor, when γ s = 4 we obtain I = 1/4. The acceleration coefficient η esc = (F esc )/(1/2ρu 3 1 ) is the ratio between the energy flux of run-away CRs and the kinetic energy flux of the upstream medium that is approaching the shock.
The absorption boundary with a radius of R Abs = R SNR + L represents the box size of the MHD simulation in Zirakashvili & Ptuskin (2008) . The parameter L is defined as L = v SNR t and it is measured from the shock position R SNR in radial direction outwards. The acceleration region in the upstream, only covers a region from the shock front R SNR to ∼ 0.1 R SNR , beyond the acceleration region the diffusion coefficient increases significantly. From the acceleration region R ∼ 1.1 R SNR to the absorption boundary R = R Abs is the region where the run-away CRs are driving streaming instabilities before the shock arrives, however, the magnetic turbulence in this region has not been significantly amplified. The flux of run-away particles at the absorption boundary can be written as
The run-away particles which energy peaks at E max = p m c are responsible for the exponential cutoff energy of E max in the spectrum of N 0 . To obtain the escape energy p m c, an approximated analytical solution derived from the MHD simulation is provided in Zirakashvili & Ptuskin (2008) :
where the velocity u * = (24πcV
and the Alfvén velocity
The value B 0 is the original unamplified magnetic field in the upstream region, and B b is the initial value of magnetic fluctuations in the upstream region, which is set to ln(2B 0 /B b ) = 5. . In all panels, the green contours represent the HESS observations; the Fermi 8 years catalog sources (FL8Y) are labeled as green crosses; the old catalog sources (3FGL) are labeled as red crosses; the three added point sources are marked as green diamonds; the white diamond labeled the best fit position of HESS J1731-347 by using Fermi-LAT data and the cyan circle are the position for the source "S0". (Chevalier 1999 , Chen et al. 2013 . The density inside the MS bubble is assumed to be as 0.01cm −3 for the 20 M ⊙ scenario.
c Size of RSG bubble. corresponding toṀ RSG ≈ 5 × 10 −5 M ⊙ /s and v RSG ≈ 15 km/s in the 20 M ⊙ scenario (Chevalier 2005) . In the 25 M ⊙ scenario, the RSG is blown away by the strong WR wind and leads to a WR bubble with an averaged density of 0.02cm −3 . d Age of the SNR when its radius expands to the size at present -15 pc. e Forward shock velocity of the SNR when it expands to 15 pc. f This parameter is the ratio between the energy flux from the run-away CRs and the kinetic energy flux from the upstream medium falling to the shock. g Escape energy at the SNR shock when the shock radius reaches 15 pc. h Total energy of run-away CRs from the strong shock, integrated from the SN explosion to t SNR, end . i Total energy of leaked CRs from the stalled shock after the shock-cloud collision, integrated from the beginning of shock-cloud collision to t SNR, end . (Maxted et al. 2018) , and the TeV image by Abramowski et al. (2011) is shown in green contours. Bottom panel: A scratch about how the SNR HESS J1731-347 is encountering with MC-core in our model, the 3D structures of the system -SNR, MC-core and MC-J1729 is seen from bottom (along the Declination axis). In both panels, the blue circles represent the SNR and MC-J1729, while the red circle represents MC-core. 
